The ample genetic diversity and variability of Helicobater pylori, and therefore its phenotypic evolution, relate not only to frequent mutation and selection but also to intra-specific recombination. Webb and Blaser applied a mathematical model to distinguish the role of selection and mutation for Lewis antigen phenotype evolution during long-term gastric colonization in infected animal hosts (mice and gerbils). To investigate the role of recombination in Lewis antigen phenotype evolution, we have developed a prior population dynamic by adding recombination term to the model. We simulate and interpret the new model simulation's results with a comparative analysis of biological aspects. The main conclusions are as follows: (i) the models and consequently the hosts with higher recombination rate require a longer time for stabilization; and (ii) recombination and mutation have opposite effects on the size of H. pylori populations with phenotypes in the range of the most-fit ones (i.e. those that have a selective advantage) due to natural selection, although both can increase phenotypic diversity.
INTRODUCTION
The gastric bacterium Helicobacter pylori colonizes the stomach of more than 50 % of the world's population, persists for decades, with large populations and is associated with severe gastroduodenal diseases (Atherton et al., 1996; Talebi Bezmin Abadi, 2016) . The potential for diverse induced gastric diseases is influenced by H. pylori straindependent factors, such as different variations in outer membrane proteins such as babA/babB (Oleastro & Menard, 2013) . It is clear that the humans have been colonized by H. pylori for at least 50 000 years and probably throughout their evolution, during which H. pylori has coadaptation with its host. This adaptation is inevitable with molecular recombination. Recombination both within and between strains is one of the main mechanisms contributing to H. pylori genomic variability (van der Ende et al., 1996; Suerbaum et al., 1998; Kersulyte et al., 1999; Israel et al., 2001) , a phenomenon resulting in a significantly higher mean genetic diversity for H. pylori in comparison with most bacterial species (Go et al., 1996; Hovey et al., 2007) .
Expression of Lewis phenotypes Le
x and Le y on the surface of H. pylori is closely controlled by recombination and mutation, a phenomenon driven by natural selection (Blaser & Atherton, 2004; Wirth et al., 2006) . Thus, alteration in H. pylori Lewis phenotypes with colonization in human hosts can present valid evidence for natural selection within recombination. We apply mathematical modelling and statistical analysis along with experimental data from a study by Webb & Blaser (2001) to examine recombination in Lewis antigen phenotype evolution. Therefore, for a better standing of the genotype underlying the phenotype and the modelling used in the current work we recommend readers study Webb and Blaser's paper. In general, such mathematical models help microbiologists to characterize the genetics, biochemistry and physiology of the interactions between bacteria and their host (Levin et al., 1999; Webb & Blaser, 2001 y by x and y and considered that x and y vary continuously (in OD units) from 0 to maximum values x max and y max . A partial integro-differential equation is applied to interpret the colonization data in terms of the dynamic processes occurring during Lewis antigen phenotype evolution of the population over a relatively long evolutionary time scale (10 3 À 10 4 generations). It was shown that the populations ultimately stabilize to ones with a new distribution of phenotype, and they also compared the roles of the different forces affecting the pathway toward stabilization, such as selection and mutation but not recombination. Recombination in bacteria has been considered as an important evolutionary force and it occurs frequently in H. pylori (Falush et al., 2001) . However, in previous models of H. pylori's phenotype evolution, recombination was quite neglected due to its relatively complex analysis. In our current analysis, we add a recombination term to the Webb and Blaser model and consider selection, mutation and recombination affecting Lewis antigen phenotype evolution. We use the same experimental parameters derived in their study and run simulations to address the role of recombination in the population biology of H. pylori migrating from an initial distribution phenotype (initial inoculation) toward a stable distribution of phenotypes (the ultimate establishment of a quasispecies). For the sake of simplicity, the variables x and y representing Le x and Le y are replaced by z throughout our modelling. The mathematical model we have developed to portray the dynamic processes in the phenotype evolution of H. pylori during experimental colonization takes the following form in terms of the partial integro-differential equations given by Magal & Webb (2000) :
where a 2 is the mutation rate, g is the recombination rate representing the frequency of recombination per generation (strength of recombination) and the density function u z; t ð Þ is the total number of bacteria which depends continuously on the Lewis antigen phenotype expressions at a given range (z) in optical density units (ODU) and depends continuously on time t. As an example, for z ¼ x ¼ 1000 and t ¼ 3, u z; t ð Þ represents the total number of bacteria with Le x antigen phenotype expression equal to 1000 ODU at the end of the third week of colonization. Therefore, to calculate the total number of bacteria with Le x antigen phenotype expression greater than 500 ODU and less than 1000 ODU at the end of the third week of colonization, we need to calculate the integral R 1000 500 u x; 3 ð Þdx. The linear form F u ð Þ t ð Þ ¼ t R z max 0 uẑ; t ð Þdẑ, which is independent of phenotype expression but depends on the total population size of bacteria, represents the limiting effect of finite carrying capacity within the host on population growth. As colonization is established, the parameter t controls the rate at which the demographic carrying capacity nears saturation. The recombination operator H u ð Þ is defined by
and 0 ẑ 2z 2; if z max 2 z z max and 2z À z max ẑ z max 0; elsewhere:
The variable z will be replaced by x where the population's density is quantified with respect to Le x antigen expression and by y where the population's density is quantified with respect to Le y antigen expression. In this model:
1. The mutation process, which occurs randomly, is represented by the diffusion term a 2 q 2 qz 2 u. The number of mutations per generation, the number of generations per unit time and the average incremental change per mutation event controlling by the diffusion parameter a 2 affect the evolution of the phenotype distribution. 2. The selection process, which depends on the fitness of individuals in the host with respect to phenotype, is represented by the term b z ð Þu z; t ð Þ. Fitness is variable in Lewis antigen phenotype expression z, and therefore so too is the fitness function. The term b z ð Þ (in units week ð Þ À1 ), indicating differential fitness, may be positive or negative and takes its maximum values where Le z phenotypes have at least a selective advantage. 3. The recombination process incorporating DNA exchange in phenotype evolution is represented by g H u ð Þ À u ½ . In Falush et al. (2001) , the recombination operator H idealizes recombination inheritance by an averaging process such that offspring are due to hybridizing two parents with Lewis antigen phenotype. z 1 and z 2 yield phenotype z 1 þz 2 2 . 4. Finite epithelial carrying capacity of the host for bacterial population growth is assumed and this constraint is represented by the non-linear term F u ð Þ t ð Þu z; t ð Þ, which reflects competition among all phenotypes.
In addition, the Neumann boundary condition is imposed on the model at the boundary point z ¼ 0 and z ¼ z max :
which means that mutation does not result in significant loss of individuals with minimum and maximum phenotype expression. Time t 0 is the initial time after inoculation at which the founding population successfully establishes (Webb & Blaser, 2001 ). Using experimental data at time t 0 , the initial distribution u 0 z ð Þ of Lewis antigen phenotype expressions [in units ODU ð Þ À 1 ] is evaluated in a scaled truncated Gaussian form (Table 1) :
Using the theory of a semi-group of operators, Magal & Webb, (2000) have shown the well-posedness of equations (1.1)-(1.3) in the sense that for any initial phenotype distri-
Þ the model has a unique global weak solution. An attractive result they established is that for sufficiently small recombination rates, the population evolves to a unique non-trivial equilibrium phenotype distribution independent of the initial distribution u 0 z ð Þ. Similar behaviour is observed in our model simulations; that is, in the models simulated with a low recombination rate, the recombination rate not only determines the fate of phenotype evolution independent of the initial distribution u 0 z ð Þ, but it also alters the pathway toward that distribution and the time needed for stabilization, indicating a strong impact of recombination on the rate of adaptation and the time of fixation (Jain, 2010; Moradigaravand & Engelst€ adter, 2012) .
In the next section we provide the constants and the initial data required for simulation of the model. These experimental data allow us to compare our simulations with those of Webb and Blaser. The role of recombination during colonization is then investigated regarding simulation results. The final section is devoted to showing statistically that recombination plays a significant role during colonization.
Constants, initial values and experimental data
Consider that constants and initial functions in models (1.1)-(1.3) are given such that this problem is well posed. Being able to prove the consistency of this mathematical model against reality, all constants and initial functions such as mutation and recombination rate and differential fitness function must be evaluated in accordance with experiments. In Webb & Blaser (2001) , about 10 8 c.f.u. three times over 3 days are inoculated to adult female C3H/HeJ mice and outbred Mongolian gerbils. Then, animals are serially killed; gastric tissues are obtained and are cultured on selective media. At specific times during a period of 53 weeks, H. pylori colonies are enumerated. For each colony, Le x and Le y antigen expression are measured by ELISA as described by Wirth et al. (1999) . These measurements provide all constants and initial values necessary for our mathematical comparative analyses of H. pylori phenotype evolution except recombination rate (Webb & Blaser, 2001) (Table 1) . Using a Bayesian model, the recombination rate g for H. pylori has been estimated to be 0:001 g 0:25 (Falush et al., 2001) . We have simulated the model (1.1)-(1.3) taking different values for recombination rate in that interval. For g's tending to 0.001, the surface height, which gives the number of bacteria with respect to a phenotype, and time increase continuously with that of surfaces, resulted in a simulation of the model in the absence of recombination (g ¼ 0:00) (see Fig. 2 ). For g's tending to 0.25, surface heights decrease continuously toward 0, indicating the inverse relationship between size of the H. pylori population with phenotype in the range of the most-fit phenotypes and the frequency of recombination among them. For a better figurative illustration in the simulation outputs that are plotted in this paper, recombination rate g is taken to be 0.14. 
In u 0 z ð Þ, the parameters N 0 , 0 and s 0 are scaling factors, mean and standard deviation, respectively, derived from experimental data at t 0 week. In the fitness functions b z ð Þ, N, and s are scaling factors, mean and standard deviation, respectively, derived from experimental data over 53 weeks.
The role of recombination in H. pylori phenotype evolution
To explore the in vivo role of recombination in Lewis antigen phenotype evolution, numerical analysis tools are used to solve equations (1.1)-(1.3) and Mathematica is used to implement them in four cases (Le x in mice, Le y in mice, Le x in gerbils and Le y in gerbils). In both the absence and the presence of recombination, the population densities, total populations, means and SDs are computed (Fig. S1 , available in the online Supplementary Material). Neglecting the recombination term (g ¼ 0) in Eq. 1.1 is the deterministic model Webb and Blaser analysed to explore the tension between mutation and selection. Thus, Fig. 1 is a reproduction of figure 2 of Webb & Blaser (2001) . In this case, although the relative selective phenotype advantage is small (1 %), in most cases, selection is enough to drive phenotype distribution towards a stable state. The role of mutation for evolution is essential in the case where cells in the initial population with phenotype expression in the range of the most-fit phenotypes are rare. Our simulations show that in the presence of recombination, the model behaves almost similar to the case where recombination is omitted, i.e. the initial phenotype distribution (initial inoculation) will converge to an equilibrium (the ultimate establishment of a quasispecies) over time and selection is the driving force again. However, the ultimate destination, the path toward that and the stabilization time are altered (Fig. 2) . For g ¼ 0:14 the colonization needs more than 60, 40, 30 and 40 weeks to stabilize for Le x in mice, Le y in mice, Le x in gerbils and Le y in gerbils, respectively, a roughly 10 weeks increase in all four cases in comparison with the case where g ¼ 0. This stabilization time growth not only indicates that considering recombination as an effective force during colonization increases stabilization time but also inspires this idea that there exists a direct relationship between recombination rate and stabilization time. We have numerically measured stabilization time for models simulated by different recombination rates. These measurements supported the above hypothesis, meaning that the models simulated by a higher recombination rate take longer to stabilize in comparison with the models simulated by a lower recombination rate. For a better understanding of The initial time t 0 is taken to be 1 week in the first three cases and 2 weeks in the last case. this, the simulated total population densities (log values) with respect to Le y at different times and different recombination rates are given in Table 2 .
Le
As displayed in Fig. 2 , the comparative analyses show that in the presence of recombination the models have a tendency to evolve more slowly than in the absence of recombination. This slowness is accompanied by a significant downturn in the population density of bacteria with Lewis antigen phenotype expression in the range of the most-fit phenotypes (Fig. 2) , i.e. the density of phenotypes that have selective advantages decreases. In addition, there is a significant downturn in the total population of bacteria through the first 32 weeks after inoculation (Fig. S1) . From the 33rd week onward, the total bacterial populations in the presence and the absence of recombination tend to the same value and their difference is negligible (Fig. S1 ).
In microbiological terms, addition of recombination to the model would in practice simply increase the mutation rate. An increased mutation rate leads to higher mortality among bacteria due to growth of neutral and bad mutations. Consequently, higher mortality results in a demographic downturn during colonization.
Final comments
Mutation and recombination have fundamental and independent roles during colonization, and both create phenotypic diversity. Phenotype diversities generated either by mutation or by recombination are subject to selective pressures and stabilize finally to a population of cells with a new distribution of phenotypes (the ultimate establishment of a quasispecies). However, phenotypes generated in the presence of recombination will have a small fitness advantage over phenotypes generated due to mutation; as a consequence, the population density of H. pylori with Lewis antigen phenotype expression in the range of the most-fit phenotypes will reduce,indicating a fatal effect due to recombination among those phenotypes that have selective advantages. Another attractive conclusion drawn from our simulations is that the higher recombination rate results in a longer time for stabilization. Accordingly, H. pylori infections in environment where factors that increase recombination rate are prevalent need longer to stabilize. Peristaltic movements, and acidic and trophic lesions are examples of the factors which increase recombination rate among H. pylori (Magalhães & Reis, 2010; Suzuki et al., 2012; Yamaoka, 2012; Lina et al., 2014) . If the above elements and consequent recombination rate are extraordinarily high, the distribution of phenotypes may fail to stabilize and this may induce severe digestive diseases. Analyses of DNA sequences from representative strains have shown that the major source of genetic diversity, especially among H. pylori, is recombination between strains (Suerbaum et al., 1998; Achtman et al., 1999; Kersulyte et al., 1999) . Therefore, as our statistical analyses have shown, improvement in simulations will increases with inclusion of the recombination term as an effective force in the phenotypic evolution of H. pylori.
For some statistical tests, we exported the total population densities from the model simulations in the absence and the presence of recombination at the times where total population densities were experimentally approximated (t = 1, 2, 4, 9, 14, 20, 32, 53) . In three cases (Le x in mice, Le x in gerbils and Le y in gerbils) at an a ¼ 0:05 level of significance, paired-samples t-tests revealed statistically reliable differences between the mean values (log) of the total population densities before and after adding the recombination term to Webb and Blaser's model. For Le y in mice, the same data points were exported and were not normally distributed. At an a ¼ 0:05 level of significance, the Wilcoxon signed rank test revealed that the observed difference between the total population in the absence and the presence of recombination was significant. Thus, we can reject the null hypothesis that both samples are from the same population. Finally, we ran a Pearson product-moment correlation to determine the relationship between the experimental data and data drawn from the model simulations in the absence and presence of recombination. In all four cases, there was a stronger, positive correlation between experiment and simulation in the presence of recombination than experiment and simulation in the absence of recombination. Together these data show that the stabilization time extension and the demographic downturn due to addition of the recombination term to the prior model are significant. Therefore, the fundamental roles of recombination during colonization should not be ignored. 
